Cross-sections of proton induced nuclear reactions on natural thallium have been studied for investigation of the production of the medical important 201 T l diagnostic radioisotope. 
Introduction
The radionuclide 201 T l (T 1/2 = 73h) as a good potassium analog has been used widely in diagnostic nuclear medicine for forty years (Qaim, 2001) . 201 T l decays by EC (100%) and emits a 167 keV γ-ray used for SPECT imaging. The 201 T l can be produced at charged particle accelerators. The investigated nuclear reactions are collected in Table. 1 (Adam-Rebeles et al., 2012; AlSaleh et al., 2007; Bell and Skarsgard, 1956; Birattari et al., 1982; Blue et al., 1978; Comar and Crouzel, 1975; Dmitriev et al., 1976; Fernandes and da Silva, 1992; Gloris et al., 2001; Hermanne et al., 1992; Kuhnhenn et al., 2001; Lagunas-Solar et al., 1980 , 1981 Lebowitz et al., 1975; Nayak et al., 2002; Qaim et al., 1979; Sakai et al., 1965; Zaitseva et al., 1987) . The theoretical excitation functions for the most important routes are shown in Fig. 1 .
The final result of these studies and of the everyday practice is that the 203 T l(p, 3n) 201 Pb −→ 201 T l production route appears to be the most practical one taking into account the targetry, the production yields, the available accelerators, the radionuclide purity, etc. Presently the 203 T l(p, 3n) reaction is used exclusively for production of 201 T l. In the next chapters we are * Corresponding author: ditroi@atomki.hu discussing only this production route together with side reactions during bombardment of thallium target with protons. In Table 2 we have collected the most important physical parameters of the experiments related to the measurement of activation cross-section and yield of proton induced nuclear reactions on thallium (Al-Saleh et al., 2007; Blue et al., 1978; Bonardi, 1987; Dmitriev et al., 1976; Hanna et al., 1977; Hermanne et al., 1992; Kernert et al., 1983; Lagunas-Solar et al., 1978; Lebowitz et al., 1975; Malinin et al., 1984; MilazzoColli et al., 1975; Qaim et al., 1979; Sakai et al., 1965; Sattari et al., 2003) . According to Table 2 , a large number of papers was published on T l(p, x) 201 Pb −→ 201 T l production and chemistry, on compilation of the earlier experimental data and on the calculation of crosssection by using different theoretical model codes. In Table 3 we have summarized the most important compilations and theoretical calculations (Canderias-Cruz and Okamoto, 1987; Dmitriev and Zaitseva, 1996; Groppi et al., 2001; Haji-Saeid et al., 2009; Hermanne et al., 2001; Iljinov et al., 1993; Kaplan et al., 2009; Koning and Rochman, 2011; Kurenkov et al., 1995; LagunasSolar et al., 1978; Mihailescu et al., 2007; Nowotny, 1981; Rurarz, 1994; Sheu et al., 2003; Shubin, 2001; Shubin et al., 1998; Szelecsényi et al., 1995; Takács et al., 2005; Tel et al., 2011) . In spite of numerous earlier works we decided to make new measurements and new evaluations on the activation cross-sections of proton induced reactions on thallium. The aim of the present study and the report was manifold:
1. Some part of the recently reported experimental data were measured long time ago (Hermanne et al., 1992) . Only preliminary results were reported in equidistant energy scale obtained by fitting the experimental data, without any details on experiments and on the nuclear data used for the data evaluation. This fitted preliminary data were used for preparation of recommended data file of IAEA ) for production of 201 T l and used in the upgraded data library (Takács et al., 2005) without correction of the decay data.
In this work we decided to publish the original experimental data corrected with upgraded decay data for further use to prepare recommended data (see this work -ser. 1). 2. During the last decade new experiments were performed, which could be included into the new evaluation. It is necessary to check the earlier works in respect of new monitor and decay data. 3. The theoretical model codes were significantly improved in the last decade and new input parameter library was developed. It was a challenge to see the predictivity of these codes in comparison with the experimental data and with the earlier model results. 4. We have performed experiments on deuteron induced reactions on nat T l up to 50 MeV (AdamRebeles et al., 2011) . We thought it is worthwhile to repeat the experiments with proton beam using the same experimental technology (target preparation, spectra measurements, etc.). 5. Last but not least in connection with investigation of production possibility of 201 T l in Hungary, the ATOMKI group had direct practical interest in the targetry and the production yields (similar to the case of other routinely produced isotopes ( 11 C, 18 F, 67 Ga, 111 In, 123 I). In such a way, to complete our systematical study of excitation functions for production of medical radioisotopes and to make new evaluation we decided to make new measurement relative to the well-established monitor reactions by using more modern experimental and eval-uation techniques (see this work ser. 2).
Experimental
We have performed two series of experiments. The first series was measured 20 years ago and the second was done in the last year.
Experimental and data evaluation details of the first series of measurements:
Samples of natural Tl (50 µm) were prepared by electroplating on brass-foils (50 µm). No additional monitoring foils were inserted into the stacks. The irradiation was done at the VUB CGE 560 cyclotron at beam current of 3-6 µA, for 3-6 minutes. 13 stacks of 7-12 foils were irradiated at incident energies of 43-22 MeV. The number of incident particles was determined from the integrated charge measured in Faraday cup. Tl produced in irradiated samples was quantitatively dissolved after irradiation and aliquots of 1 ml sample were measured using a Ge(Li) detector calibrated with reference sources of 22 Na, 152 Eu, 60 Co (2% error on standards). The proton energy degradation along the stack was computed using the stopping formulae coefficients of Andersen and Ziegler for Tl (Andersen and Ziegler, 1977) and the tabulated stopping powers of (Janni, 1966) for the brass backings. The production cross-section was calculated from activity. Quadratic summation of the uncertainties of the contributing parameters results an absolute error of 8.5% (target thickness (2%), detector efficiency (5%), physical decay data (5%), integrated beam current (2%), counting statistics (2%)). Nuclear decay data originally were taken from Erdtmann and Soyka (Erdtmann and Soyka, 1979) . For preparation of the IAEA recommended data base (Takács et al., 2005) and for compilation into the EXFOR format the decay data were corrected according to the newest parameters (Browne and Firestone, 1986) . In the recent work the cross-section data were corrected according to the new decay data, and the uncertainty of the number of incident particle on the basis of comparisons of the monitor reactions and the Faraday cup data was enlarged from 2 % to 7 %, resulting in 11 % total uncertainty. The results of the earlier data evaluation were corrected for the recent recommended data of the γ-ray intensities. No corrections were done for the half-lives (nonlinearly contributing factor), but there are only small changes in half-lives. In a few cases there are significant changes in γ-ray intensities (see Table 4 ). There are significant changes in decay data for 201 Pb, 200 Pb used by Lagunas Solar et al., for 401 keV γ-line of 203 Pb used by Al Saleh et al. (Al-Saleh et al., 2007) . In the case of the 199 Pb the recent decay data also differ significantly from data used by Hermanne et al. (Hermanne et al., 1992) and by Qaim et al. (Qaim et al., 1979) . The correction for the decay data is complicated when the authors used many γ-lines, for which different corrections are required according to the recent data. In this case the correction was done for the strongest γ-line. It should be mentioned that the automatic corrections of the of the cross-section and yield data for the new decay data is not a simple question in the case of many used γ-lines, taking into account the lack of the information in the original publications on the averaging of cross-section data obtained from different γ-lines, measured at different time, sometimes at different sampledetector distances.
2.2. Experimental and data evaluation details of the second series of measurement: Samples of natural Tl were prepared also by electroplating. Simultaneous plating of four 15 µm thallium target layers (surface area 11.69 cm 2 ) on 12.5 µm Cu foil were used. The plating method is described in detail in (Afarideh et al., 2004) . The electroplated foils for preparation of target stack were cut for 10x10 mm pieces. No additional monitoring foils were inserted into the stacks, the nuclear reactions induced on the backing Cu foils were used as beam monitors. The irradiation was done at VUB CGE 560 cyclotron in a short Faraday cup at beam current 90 nA, for 75 minutes irradiation for time, at 37 MeV incident energy. The radioactivity of the irradiated sample and monitor foils was measured nondestructively using HPGe γ-spectrometry. Counting was started about 3-4 hours after the end of the bombardment (EOB). The proton energy degradation along the stack was computed using the stopping formulae coefficients of Andersen and Ziegler for Tl (Andersen and Ziegler, 1977) , and corrected on the basis of a simultaneously measured nat Cu(p, x) 62 Zn, 65 Zn monitor reactions (Tárkányi et al., 2001) .The uncertainties in the energy scale were estimated taking into account the uncertainty of the energy of the primary beam, the calculated beam straggling and the measures necessary for the energy corrections on the basis of simultaneously measured excitation functions of monitor reactions.
The intensity of the incident beam was obtained from the charge collected in a Faraday cup and corrected using the monitor reactions. The best agreement was found after small corrections on the beam intensity (7% with respect to the Faraday cup results) and on the primary beam energy (0.5 MeV). According to the 2 the agreement is good in the whole energy range. The production cross-section was calculated from activity. So called "elemental" cross-sections were determined, considering that the Tl targets are monoisotopic. The decay data were taken from NuDat database (NuDat, 2011) the reaction Q-values from (Pritychenko and Sonzogni, 2003) . The used decay data are summarized in Table 5 . The uncertainties were estimated in the standard way (of-Weights-and Measures, 1993) by combining the individual errors in quadrature. The main sources of error were: beam current (8%), counting statistics and peak area determination (1-7%), detector efficiency (5%), decay data (3%) and effective target thickness (5%)). A total uncertainty of 12-20% is obtained.
Theoretical calculations
The measured cross-sections were compared to theoretical effective cross-sections calculated by using the ALICE-IPPE and EMPIRE-II (Herman et al., 2007) ( codes as well as with the data based on the latest version of the TALYS code (Koning et al., 2007) , retrieved from the online TENDL 2011 file (Koning and Rochman, 2011 ). An a priori calculation was done without any knowledge of the experimental results and thus without any parameter adjustment. For each activation product the reaction cross-section on the individual target isotopes was calculated and a weighted summation (according to the abundance of natural occurrence) was made to obtain the total production crosssection.
Results

Excitation functions
The cross-sections for all the reactions studied are shown in Figures 3 -13 and the numerical values are collected in Tables 6 -8. The results of the two series of measurements are shown separately. Our results of the two series of measurements are in acceptable good agreement. In most cases the radioisotopes are formed via nuclear processes occurring on 203 T l and 205 T l. The cross-sections presented here refer to so called effective "elemental" cross-sections, calculated on hypothetic monoisotopic thallium target having number of target nuclei equal to the number of the sum of the numbers of 205 T l and 207 T l isotopes. We discuss the different reaction products individually.
Activation cross-sections of lead radioisotopes
The radioisotopes of lead are produced via (p,xn) reactions on 203 T l and 205 T l. The earlier experimental activation data on Tl are related mainly to the production of radioisotopes of lead, and was measured mostly up to 40 MeV. , 1978) and Sakai (Sakai et al., 1965 ) (see Fig. 4 ). The theoretical data in TENDL 2011 describe well the experimental results.
nat T l(p, xn) 202m Pb reaction The experimental and theoretical data for production of 202m Pb are shown in Fig. 5 . We were able to measure the production cross-section only of the shorterlived metastable state (3.5 h), which decays mostly , 1978) , data of Bonardi measured on enriched target , of Al-Saleh (Al-Saleh et al., 2007) and Qaim (Qaim et al., 1979) . It should be mentioned that the data of Qaim (Qaim et al., 1979) are very scattered with approximately 30% difference at the same energies (having 10-15% uncertainties). Our data support the results of higher values (the low and high energy data came probably from beam current measurement of irradiations of different stacks). As it was mentioned at the previous reactions, the Al-Saleh data (Al-Saleh et al., 2007) are shifted in energy near the threshold. The calculated cross-section curve follows the general trend of the experimental data.
nat T l(p, xn) 200 Pb reaction Irradiating thallium targets having natural isotopic composition the 203 T l(p, 4n) (Q = -24514.2 keV) and the 205 T l(p, 6n) (Q = -38716.2 keV) reaction contribute to the production of 200 Pb. According to Fig. 7 the agreement of experimental data is acceptable good, except the scattered data of Sakai et al (Sakai et al., 1965) , and the contradicting data of Lagunas-Solar at high energies reported in (Lagunas-Solar et al., 1978) and his derived data (Lagunas-Solar et al., 1981) . The theoretical data in TENDL 2011 describe well the low energy part where reliable experimental data exist.
nat T l(p, xn) 199 Pb reaction In the investigated energy range only the 203 T l(p, 5n) process contributes to the production of 199 Pb. Only one earlier data set was found in the literature, reported by Qaim et al (Qaim et al., 1979) . Our new data show acceptable agreement with these experimental data and with the prediction of TALYS calculation in TENDL 2011 (see Fig. 8 ).
4.1.2. Activation cross sections of thallium radioisotopes The radioisotopes of thallium are formed directly via (p,pxn) reaction and through the decay of parent lead radioisotopes.
nat T l(p, xn) 202 T l reaction Parallel with the direct production the radioisotope is produced indirectly via the decay of the 202m Pb (T 1/2 = 3.54 h, EC(9.5%)) and of the decay of the longlived 202g Pb (T 1/2 = 52.5E+3 a, EC(100%)). The cross- sections were calculated from spectra measured few days after EOB i.e. after complete decay of 202m Pb, but insignificant decay of 202g Pb. In such a way our cumulative cross-sections contain contributions from the direct decay of 202m Pb. In Fig. 9 we show our cumulative data and corrected data for direct production of 202 T l (when the contribution from the 202m Pb were subtracted). For comparison we also present the experimental data of Qaim (Qaim et al., 1979) corrected for the contribution of 202m Pb decay (direct cross-sections), and the theoretical data for the direct production. The comparison shows good agreement with the earlier data and with theory. Fig. 10 we present cumulative cross-section of 201 T l after complete decay of 201 Pb, and cross-section for direct production when the contribution from the decay of parent was subtracted. Our direct production cross-section data are systematically higher compared to the results of Qaim (Qaim et al., 1979) . The uncertainty of direct production is large, taking into account the large contribution of the parent. In Fig. 11 we present direct production cross-section for production of 200 T l (T 1/2 = 26.1 h) after subtraction the contribution of the indirect production through the decay of 200 Pb (T 1/2 = 21.5 h). We have only a few points near the threshold and the uncertainties are high due to the high contribution of the parent. Hg (64.14 h , EC 100%) are lower than our maximum energy, but due to the low cross-sections (theoretical estimation in Fig. 12) , to the weak γ-lines and to the short half-life no reliable data were found. Only a few experimental data points were measured above the effective threshold (Fig. 13) .
Integral yields
From fits to our experimental excitation functions thick target physical yields (Bonardi, 1987) were calculated (no saturation effects, obtained in an irradiation time that is very short compared to the half-life of the radionuclide). 
Summary and conclusions
The principal aim of this investigation was remeasurement and evaluation of the cross-section data of the production of 201 T l. 200 T l(dir) and 203 Hg. 2. Detailed literature search was done and the literature data were critically analyzed (the earlier errors were corrected, the derived data were changed to original experimental data). 3. To upgrade the recommended cross-section data new experimental data were involved (Hanna (AlSaleh et al., 2007; Hanna et al., 1977) , this work). 4. To check the predictivity of the theoretical codes, new theoretical calculations were done based on new versions of the model codes.
The new experimental data:
As our excitation functions are correlated to monitor reactions re-measured over the whole energy range simultaneously the uncertainties in incident energy, average energy in each foil and number of bombarding particles are diminished.
The evaluation process:
1. Except a few old works the experimental data shows surprisingly good agreement. 2. The description of the theoretical codes is acceptable good. 3. The new recommended data from point of view of production of 201 T l and the 200 T l and 202 T l impurities didn't differ significantly from recommended data in the IAEA medical library. compounds and antibodies (Chappell et al., 2000; Garmestania et al., 2005) . Preparation of 203 Pb compounds for studies on pathway and effects of lead pollution (Girardi et al., 1975) . 5. To upgrade the nuclear reaction model codes and their input parameters.
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